Introduction
The cytotoxicity in vitro of unconjugated bilirubin on a variety of tissues including brain [9, 27] , liver mitochondria [38] , and mammalian erythrocytes [5, 21, 30] is well documented. Bilirubin also produces severe neurologic damage in living animals [2, 10, 33, 35] and in man [1] . Rozdilsky [32, 33] has shown that infusion of bilirubin in newborn and adult animals (dogs, rabbits, cats, and rats) causes not only kernicterus but hemorrhage in the intestines as well as other sites. Although it is well established that bilirubin inhibits respiration and uncouples oxidative phosphorylation in isolated mitochondria and brain homogenates [8, 9, 27, 34, 38] , the mechanism of pigment toxicity in vivo is not known [11] .
Recently, it has been shown with light microscopy that washed human platelets change morphologically following their incubation with unbound unconjugated bilirubin at concentrations of 15 mg/100 ml or higher [36] . These changes include yellow staining, swelling, filamentous membrane formation, platelet aggregation, and cell lysis. When platelets are pretreated with unbound unconjugated bilirubin (15 mg/100 ml or higher) and used in thromboplastin generation tests, impaired generation is noted [36] . The addition of bilirubin (15 mg/100 ml or higher) to whole blood also impairs clot retraction [36] . The mechanisms underlying these platelet changes are not known. The clinical significance of these findings with respect to platelet function in vivo in the presence of bilirubin is also not known. However, Rozdilsky's observation [32, 33] that bilirubin infusion in animals causes a hemorrhagic diathesis suggests that these platelet changes may be of clinical importance. Since a variety of clinical factors {e.g., drugs [6, 23] and liver disease [19] ) may influence platelet functions in jaundiced patients, any conclusions drawn from clinical studies regarding the action of bilirubin on platelets must be made cautiously. Further clarification of its in vitro action is required.
Our purposes were to study bilirubin-induced platelet aggregation under a variety of conditions in vitro, using a sensitive, recently developed spectrophotometric technique [4] , and to determine the effect of bilirubin on platelet adenine nucleotide content.
Methods

Collection of Blood
Venous blood for platelet studies was collected with a disposable needle and syringe from healthy adult laboratory volunteers, and was mixed 9:1 with 1% sodium ethylenediaminetetraacetate (EDTA) in 0.7% saline or with 4% citrate solution. None of the donors had ingested any medication for at least 2 weeks prior to the collection. Platelet-rich plasma, which contained 330,000-550,000 platelets/mm s , was obtained by centrifugation at 600 rpm [40] for 15 min at 4° or at room temperature. Plastic disposable test tubes and siliconized [41] glassware were used. Tests were accomplished within 3 hr of blood collection and the time for each group of studies, with and without bilirubin, was approximately equal.
Preparation of Platelet Suspensions
Studies were performed either on washed platelets in suspension prepared from blood collected in EDTA solution or on citrated platelet-rich plasma. Washed platelets in suspension were prepared as follows [15] . A platelet pellet was obtained from EDTA-platelet plasma by centrifugation at 3000 rpm for 15 min at 4°o r at room temperature. Platelets were washed twice with a mixture composed of 0.154 M sodium chloride, 0.154 M Tris-hydrochloride buffer (pH 7.4) [42] , and 1% EDTA mixed in the proportions of 90:8:2 v/v/v, and then resuspended in Tris-buffered saline, pH 7.8.
Platelet Aggregation Studies
Platelet aggregation was studied spectrophotometrically using a platelet aggregometer [43] connected to a recorder [44] . This method is now widely employed for studies of platelet aggregation [4, 23, 26] .
Changes in light transmission were recorded continuously. As platelets aggregate in a sample of platelet suspension or platelet-rich plasma, the solution becomes increasingly clearer and the amount of light transmitted through the sample increases, causing a positive or upward deflection of the recorder pen. The slope of the curve allows estimation of the rate of aggregation, while the course, maximal height, and return to base line provide information concerning the relative responsiveness of a given patient's platelets to a variety of stimuli. The amplitude of each oscillation in the record is roughly proportional to the aggregate size. Platelets in suspension or in plasma were stirred continuously at 900 rpm and allowed to equilibrate for 5 min at 37° before the addition of bilirubin or other solutions.
Solutions (0.1 ml) of bilirubin (final concentration 0.5-24 mg/100 ml), bilirubin-albumin mixtures, albumin, and photooxidized bilirubin were added either to washed platelet suspension (0.4 ml) mixed with 0.154 M KC1 (0.05 ml) and 0.11 M CaCl 2 (0.02 ml) or to citrated platelet-rich plasma (0.4 ml); changes in light transmission were recorded. A drop of platelet suspension or platelet-rich plasma was placed on a glass slide and examined under the light microscope before and after treatment with solutions of bilirubin and albumin. Experiments were performed in triplicate at least.
Preparation of Bilirubin and Albumin Solutions
Bilirubin solution was prepared by dissolving crystalline bilirubin [45] in 0.5 N NaOH, and adding 0.154 M Tris-hydrochloride buffer (pH 7.8) to the desired concentration. A sample was removed for estimation of bilirubin concentration [22] and then the stock solution was stored up to 1 week at -20° in the dark until use. Desired concentrations of bilirubin solution were prepared by diluting the stock solution with buffer, pH 7.8. All experiments with bilirubin solution were performed in the dark to avoid photooxidation of the material.
Serum albumin solutions were prepared by diluting normal human serum albumin (salt-poor) [46] with Tris-buffered saline, pH 7.8. The protein content of the stock solution was determined by the micro-Kjeldahl method [20] . One molar bilirubin/albumin ratio is equivalent to approximately 8 mg bilirubin/g albumin [28] . Five-tenths milliliter of each of several prepared bilirubin solutions were added to 0.5 ml of the albumin solution to achieve the following proportions: 6 mg bilirubin/g albumin (molar ratio bilirubin/al-bumin, 0.75); 12 mg bilirubin/g albumin (molar ratio bilirubin/albumin, 1.5); 18 mg bilirubin/g albumin (molar ratio bilirubin/albumin, 2.25); 20 mg bilirubin/gram albumin (molar ratio bilirubin/albumin, 2.5); and 24 mg bilirubin/g albumin (molar ratio bilirubin/albumin, 3.0). The final pH of the solutions added to the platelet preparations was 7.8.
Bilirubin solutions were exposed to 200 ft-c blue light (eight 20-w fluorescent lamps [47] ) for periods of 4, 24, and 48 hr. The lamps had been in use for less than 200 hr and the distance from lamps to specimen was 40 cm. According to the manufacturers, the energy output at the surface of a new lamp is 3.3 w and after 200 hr of use it is down to 83% of this value [7] . The absorption spectrum (190-800 mU) of each solution of photooxidized bilirubin was then determined in a ratio-recording spectrophotometer [48] . The effect of each solution on platelets was determined in the manner described above.
Adenine Nucleotide Assays
Adenine nucleotides were assayed in platelets and supernatant fluids containing released platelet nucleotides. Washed platelets obtained from 3 ml platelet suspension were resuspended in a solution composed of Tris-buffered saline (pH 7.8, 0.85 ml), 0.154 M KC1 (0.1 ml), 0.11 M CaCl 2 (0.05 ml), and either bilirubin solution (final concentration 6 mg/100 ml (0.1 ml)), bilirubin-albumin solution (molar ratio 0.75 (0.1 ml)), or Tris-buffered saline (pH 7.8 (0.1 ml)). Mixtures were incubated at room temperature for 10 min and then centrifuged. Supernatant fluid containing released adenine nucleotides was removed, and 1 ml was mixed with an equal volume of 4% HC1O 4 . Platelets were washed twice in Tris-buffered saline, pH 7.8, and were resuspended in 2 ml 4% HC1O 4 . Mixtures were incubated for 10 min in an ice bath and then centrifuged. The deproteinized supernatant fluid (1.8 ml) from each mixture was then added to 0.6 ml 0.8 M Tris, adjusted to pH 9.8 with HC1, containing 1 M K 2 CO 3 and was placed in an ice bath for 15 min. The precipitated KC1O 4 in each sample was removed by centrifugation and the supernatant fluid, whose pH was 7.5 ± 0.2, was assayed for adenosine diphosphate (ADP) or adenosine triphosphate (ATP).
Adenosine diphosphate and ATP were assayed by modifying the Boehringer [49] and Sigma [50] enzymatic methods, respectively, for determining ADP and ATP in whole blood. To perform the ADP assay, we mixed 2 ml test supernatant fluid in a cuvette (1-cm light path) with 0.15 ml 0.01 M phosphoenolpyruvate, 0.03 ml 0.009 M NADH, 0.02 ml lactic dehydrogenase (1 mg/ml), and 0.07 ml distilled water for 5 min. Pyruvate kinase (0.02 ml, 1 mg/ml) was then added and the change in optical density at 340 m//, after 5 min, owing to removal of reduced nicotinamide adenine dinucleotide (NADH), was determined with a Beckman spectrophotometer.
To perform the ATP assay, 2 ml test supernatant fluid were mixed in a vial with 0.3 mg /J-NADH. The contents of the vial were poured into a cuvette (1-cm light path). A 0.04-ml sample of a mixture of glyceraldehyde phosphate dehydrogenase (1 mg/ml) and phosphoglyceric phosphokinase (1 mg/ml) was then added and the change in optical density at 340 m^ after 5 min, owing to removal of NADH, was determined with a Beckman spectrophotometer. A calibration curve for each nucleotide was prepared by performing the assay on a solution composed of Tris-buffered saline, KC1, and CaCl 2 to which known amounts of ADP and ATP were added. Results were expressed as nanomoles of ADP or ATP per 10 9 platelets. Recovery of adenine nucleotides added to platelet suspension or supernatant fluids was 87-100%.
Results
The comparative responses of washed platelets and platelet-rich plasma with bilirubin are illustrated in Figure 1 . The responses of platelets prepared at room temperature were identical to those prepared at 4°. Washed platelets were extensively aggregated and heavily stained with bilirubin when the bilirubin concentration was as low as 0.5 mg/100 ml. In contrast, only weak aggregation occurred in 6 of 10 samples of platelet-rich plasma and only at bilirubin levels of 10 mg/100 ml or higher. These bilirubin-aggregating effects were easily reproducible. These findings suggest that plasma components, probably proteins, inhibit the action of bilirubin on platelets. Figure 2 shows, at X 400 magnification, unstained washed platelets before the addition of bilirubin. Figure 3, at the same magnification, shows clumps of platelets stained yellow with bilirubin (final concentration, 4 mg/100 ml). Stained platelets washed twice in Tris-buffered saline, pH 7.8, remained pigmented. Figure 4 illustrates the effect of albumin on bilirubin-induced platelet aggregation. Normally, 1 mole of albumin binds 2 moles of bilirubin [28, 31] . When all the bilirubin presumably was bound to albumin, i.e., at bilirubin/albumin molar ratios below 2, aggregation and staining were abolished. When the saturation of albumin with bilirubin was exceeded and, presumably, free bilirubin was present (bilirubin/albumin molar ratios above 2), platelet aggregation and staining were seen. However, for reasons unclear at the present time, concentrations of what we would believe to be free bilirubin of more than 0.5 mg/100 ml failed O.5MG% TIME (Minutes) Fig. 1 . The effect of bilirubin on washed platelets and platelet-rich plasma (PRP). Platelet suspension (0.4 ml) was incubated for 5 min at 37° with 0.05 ml KC1 (0.154 M) and 0.02 ml CaCl 2 (0.11 M) before the addition (indicated by the arrow) of 0.1 ml bilirubin (final concentration 0.5 mg/100 ml) or Tris-buffered saline, pH 7.8. Platelet-rich plasma (0.4 ml) was incubated for 5 min at 37° before the addition of 0.1 ml bilirubin (final concentration 10 mg/100 ml) or Tris-buffered saline, pH 7.8. Light transmission is directly proportional to platelet aggregation. Fig. 2 . Platelet suspension (0.4 ml) was incubated for 5 min at 37° with 0.05 ml KC1 (0.154 M), 0.02 ml GaCl 2 (0.11 M), and 0.1 ml Trisbuffered saline (pH 7.8), and then viewed at X 400 magnification with a light microscope. of exposure there was an increase in optical density at 660 xa.fi, the wavelength at which the concentration of biliverdin is determined spectrophotometrically, and the solution had a definite greenish tinge. In addition, the absorption peak shifted to 400 m^i. After 24 and 48 hr, the initial absorption peak at 430 m/x had disappeared but a distinct hump had appeared at 370 rriju,, probably owing to production of bilirubin derivatives. These results are in accord with those described by Blondheim and associates [3] under similar conditions. The approximate bilirubin concentration in the sample exposed to light for 24 hr was 0.3 mg/100 ml. Platelet responses to these photooxidized bilirubin solutions (final concentration of bilirubin before light exposure, 4 mg/100 ml) are illustrated in Figure 5 . With increasing duration of light exposure, the solutions became progressively less active and after 48 hr they had lost their capacity to induce platelet aggregation. It should be recognized that exposure of bilirubin to alkaline solutions for hours or days may result in degradation of bilirubin to other tetrapyrroles, even in the dark. Therefore, the change to a nontoxic material is not necessarily due to photooxidation alone. The effect of ionic composition of the medium on aggregation induced by bilirubin is shown in Figure 6 . The most rapid and extensive aggregation was found when the suspension of platelets was supplemented with both calcium and potassium. Aggregation showed an absolute requirement for calcium ions and this response was enhanced by potassium ions. In contrast, all platelet suspensions, regardless of their ionic composition, showed intense platelet staining. Platelet staining can occur without aggregation.
Studies were performed to determine whether platelet aggregation by bilirubin was associated with any change in concentration of platelet adenine nucleotides. Table I shows the results. In the presence of bilirubin, ADP and ATP were released from the platelets. Released ADP and ATP were present in the supernatant fluids. Bilirubin bound to albumin at a molar ratio of 0.75 had no effect on platelet content of these nucleotides.
Discussion
The phenomenon of platelet aggregation has received a great deal of attention since Hellem [18] and others [4, 13] showed that ADP in physiologic amounts causes rapid aggregation of platelets. It is now believed that platelet aggregation in response to ADP is the biochemical mechanism underlying platelet plug formation in hemostasis and thrombosis. Calcium ions are essential to this phenomenon. Not only ADP, but collagen, thrombin, and a large variety of biologic and nonbiologic substances elicit the same response [23] . Platelets exposed to these agents release certain platelet components in the supernatant fluid. Among these are preformed ADP [16, 17] . It is now believed that aggregation induced by these agents is due to released intra-platelet ADP [17] . The data presented indicate that small amounts of unbound unconjugated bilirubin markedly affect human platelets. Bilirubin becomes firmly attached to platelets, causing them to stain yellow, aggregate, and release adenine nucleotides. Platelets, like other cells [10, 12, 29] , are protected from the action of bilirubin (in this case, platelet staining, aggregation, and adenine nucleotide release) when bilirubin is completely bound to albumin or altered by photooxidation. Aggregation, but not staining of platelets, by bilirubin is calcium-dependent and is enhanced by potassium ions.
Since bilirubin binds plasma proteins, it may very well have the same effect on a protein receptor, on or in the platelet membrane, or within the platelet. Ganguly [14] has shown recently that albumin isolated from homogenized human blood platelets is identical with serum albumin. It may well be that bilirubin is taken up by cell membrane lipids and transferred to albumin and other proteins within the platelet. Some similar process possibly also occurs in liver cells, fat cells, epidermal cells, and neurons, although there is no evidence for such transport [1] .
The amount of ADP and ATP detected in the ambient fluid after platelet suspension has been stirred with bilirubin reflects the available platelet ADP and ATP, their diffusibility through an altered membrane, and their destruction by adenosine diphosphatase and adenosine triphosphatase. The reduction in intracellular ADP and ATP and the increase in extracellular ADP and ATP after incubating bilirubin with platelet suspension indicate that unbound unconjugated bilirubin causes adenine nucleotide release from platelets. Released ADP is probably the cause of bilirubin-induced platelet aggregation.
The clinical application of the observations re- 10 9 platelets and given as the mean ± SE of five determinations. 2 Bilirubin, final concentration 6 mg/100 ml; bilirubin/albumin molar ratio, 0.75. 3 Final concentration 6 mg/100 ml. 4 Comparison of bilirubin-treated platelets to the other two groups. There is no significant difference (P > 0.05) between buffered saline and bilirubin-albumin treated platelets. 6 ADP : Adenosine diphosphate. 6 ATP: Adenosine triphosphate. ported here is contingent on the long term effect of unbound unconjugated bilirubin on platelets. Until it is known what such long term effects of bilirubin are on platelet aggregation, nucleotide regeneration in platelets, and ADP release, one can only speculate on the clinical significance of these findings. The described effects of bilirubin on platelets could play a role in producing intravascular thrombosis or hemorrhage, or both. In Rozdilsky's studies [32, 33] hemorrhagic lesions in the intestines, lungs, pleura, brain, and kidney were found in nearly all the animals infused with bilirubin. He postulated a direct toxic action of bilirubin on vascular endothelium, with resulting increased permeability and fragility of capillaries. In early accounts of human kernicterus, hemorrhagic complications were well known but poorly understood [37, 39] .
More recent studies [25] , to be reported fully elsewhere, have disclosed an additional effect of bilirubin on platelet function. Following the incubation of citrated human platelet-rich plasma with bilirubin at concentrations of between 15 and 25 mg/100 ml, platelet aggregation was inhibited when these platelets were challenged by ADP, noradrenalin, and connective tissue. Thus, bilirubin in a platelet-plasma system interfered with platelet aggregation produced by other agents. We interpret our data to indicate that the influence of bilirubin on platelet function is dependent largely upon the molar ratios of bilirubin/protein in the platelet suspension. When bilirubin is entirely bound to protein, its predominant effect seems to be inhibition of platelet aggregation. Once the bilirubinbinding capacity of the fluid in which the platelets are suspended is exceeded and unbound bilirubin becomes available, platelet staining and aggregation occur.
Since unbound unconjugated bilirubin at low concentration stains and aggregates platelets, and albumin-bound unconjugated bilirubin does not, a platelet system may be of value to assay free unconjugated bilirubin in jaundiced plasma. New, potentially toxic drugs which might interfere with albumin binding of bilirubin may also be screened [24] .
